Strong earthquake ground motions are influenced remarkably by local soil conditions. Though various factors of local soil conditions contribute to the effect, the effect owing mainly to the non-linear stress-strain relationship of surface soils is discussed in this paper with the aid of statistical analyses. An empirical regression model is presented first to obtain separately the effects due to seismic source, propagation path of waves and local site conditions from strong-motion spectra observed at the ground surface. The model is extended so as to derive soil amplification due to the material non-linearity of surface soils using the proportionality of soil strain to particle velocity and to lead to site-specific soil amplification dependent on the motion level which is called "non-linear soil amplification" in this paper. The extended regression model is applied to 228 strong-motion earthquake records observed at 26 sites in Japan. The non-linear soil amplifications identified by the regression analysis show quite site-dependent and period-dependent characteristics. Although being derived purely based on a statistical technique, the non-linear soil amplifications have a compatible relation with the physical response function resulting from the S-wave theory. The comparison between the non-linear soil amplification and their corresponding soil profiles reveals that the non-linearity of local site response is well correlated with the softness and formation of soils, particularly, with the N value distribution at each observation site.
Introduction
As many efforts have been made in the past years, it is nowadays established that earthquake ground motions result mainly from three factors: i.e., seismic source, propagation path of waves and local soil layer conditions (Aki, 1988a) . Of the three factors, the third one may play an important role in the short-period range which most engineering structures are concerned with (Aki, 1988b) . For example, experiences from a large number of earthquakes in the past have taught us that the areas of severe damage are highly localized and the degrees of damage to structures vary widely over short distances (Okamoto, 1984) . Such distinguished aspects of damage show typically that local soil conditions take a deterministic part in causing earthquake damages. Thus the effects due to local soil conditions have become an important subject, particularly, to engineers and the term "soil amplification" has been coined to describe the effects caused by the filtering of earthquake waves through local soil layers (Gazetas et al., 1990) .
There may be several sub-factors related to such soil amplification; for example: rigidity, density and viscosity of surface soils, topographical irregularities on and under the ground surface, non-linear relations between strain and stress of soil materials, and so on. The influences pertinent to rigidity, density and viscosity of surface soils have been made clear relatively well by using the flat layered model (Kanai, 1952) . In addition, the topographical effects have also attracted engineers' interests through some experiences of earthquake damage such as the 1985 Michoacan earthquake, and many efficient numerical methods for attacking the problem have been presented showing that the topographical effects of soil layers can bring on highly localized amplifications (Sanchez-Sesma, 1987) . In comparison with these sub-factors, the effect due to the non-linearity of soil materials has still unclear points, in particular, for strong ground motions because it tends to be covered up by the effects due to the above sub-factors during strong motions. Needless to cite results of dynamic soil test conducted in laboratories and fields, however, soft soil demonstrates remarkable material non-linearity for large strains in response to strong motions (Hardin and Drnevich, 1973) . Therefore, it would be possible that such non-linearity plays a significant role in strong-motion response of soft soil layers. Since many large cities in Japan are located on plains composed of soft soils, it is important to clarify the non-linearity effects of soft soils for the purpose of establishing seismic vulnerability assessment in Japan. Such importance is particularly emphasized in applying the Hartzell method to predict strong ground motions (Hartzell, 1978) . As is well known, the Hartzell method in which earthquake records obtained during small earthquakes are used as a kind of Green's function for estimating strong motions of a large target earthquake requires the same response of the surface soils for the small and large earthquakes. When the material non-linearity of the surface soils is significant, the method is not straightforwardly applicable because of the different responses of the local soil layers between small and large earthquakes, and some modification would be necessary to apply the method. This shows that the presence of non-linearity effect due to local soils is a key factor to make the Hartzell method a success.
The first objective of this paper is to present a simplified method for identifying amplification characteristics brought about by the material non-linearity of local soil layers from strong earthquake ground motions. The second is to examine how the soil amplifications derived by the method are varied according to the ground motion level, i.e., maximum particle velocity at the ground surface. The third purpose is to compare them with the local soil conditions and to give information on possible non-linear behavior of local soils associated with their softness.
In general, evidence of non-linear soil response during strong earthquake shakings requires records simultaneously obtained on the ground surface and at depth in a borehole. In contrast to such a general technique, this paper deals with a method for determining the non-linear response characteristics only from the ground surface records. In order to do so, a regression model of strong-motion spectra presented by Kamiyama and Yanagisawa (1986) and Kamiyama (1987) is extended in this paper. This extended regression model not only makes it possible to separate the source spectra, path spectra and site spectra which are respectively peculiar to seismic source, propagation path of waves and local site conditions, but also gives an insight into the non-linear response characteristics of local soil layers varied in accordance with the shaking level. Finally the non-linear response characteristics identified empirically by the model are discussed in comparison with the soil log profiles of each observation site. ) show examples of strong-motion spectra. They were obtained at four representative sites of the strong-motion observation network administered by the reports of the Port and Harbour Research Institute (1969-1983) under various earthquake conditions. It is seen in the figures that strong-motion spectra are dependent not only on earthquake factors but on each site condition as well. One part of the objective of this paper is to extract the site-dependent amplification factors by dealing statistically with the strong-motion spectra observed at the ground surface. We can also see in Fig. 1 that the site-dependency included in the observed spectra varies from site to site perhaps relying on each site condition, even though it is overlapped by the other factors like source-dependency. For instance, the sites such as Shiogama and Hososhima give rather conceivable variation of the site-dependency with motion levels demonstrating a clear increase of predominant periods, whereas the other sites like Kushiro and Miyako indicate relatively consistent site-dependency irrespective of motion levels. This is considered to be an example that amplification factors due to local soil conditions can vary with motion level. In this paper we attempt to obtain soil amplification factors dependent on motion level.
Examples of
Theoretically speaking, as far as the soil materials have linear stress-strain relationship, their amplification factors are determined uniquely as a frequency response function on the basis of the soil layer conditions. So we might be able to derive the soil amplification as a parameter unique to a site from the observed strong-motion spectra on the condition that the soils show little material non-linearity. In case of some conspicuous non-linearity of soil materials, however, we can no longer expect amplification factors peculiar to only site conditions. They may depend markedly on magnitude of time-varying strain or something induced in soils and have some non-stationary characteristics. Though one needs a method faithful to such complicated non-linearity of soil material, it is almost impossible to extract soil amplification applicable to non-stationary behavior of soil materials merely from some limited strongmotion spectra observed at the ground surface. Accordingly, a simplified definition of soil amplification resulting from the material non-linearity of soils is attempted in this paper so as to derive easily from only the strong-motion spectra at the ground surface. That is, in reference to the so-called "equivalent linear approximation" used in earthquake response analyses (Erdik, 1987) , we herein introduce a concept of soil amplification in which the amplification factor depends on the motion level. We hereafter call such soil amplification "non-linear soil amplification." 3. Regression Model of Strong-Motion Spectra to Identify Non-Linear Amplification
As stated above, earthquake ground motions are influenced by the three main factors of seismic source, propagation path of waves and local soil conditions. Combinations of such factors were already shown in Fig. 1 . Kamiyama and Yanagisawa (1986) and Kamiyama (1987) presented a statistical method by which the effects due to the three factors can be easily separated from strong ground motion spectra provided that they have been obtained at many observation sites under various earthquake factors. The method was based on a regression analysis of spectra in which amplification factors due to local soil conditions of each observation site were made clear with the aid of the concept of the dummy variables. The regression model was given by (Kamiyama, 1987) (1) 
Even though it is quite effective to obtain simply the effects due to seismic source, propagation path of waves and local site conditions, Eq. (1) has such an insufficient point that amplification factors are determined as a peculiar parameter to each observation site in disregard of their corresponding motion levels, as definitely shown in Eq. (2). Namely, Eq. (1) implicitly assumes that there exists no difference in the amplification factors between strong motions and weak ones. Judging from the examples of spectra in Fig. 1 , however, it would be natural to consider that amplification factors can undergo a change in response to earthquake motion levels. As explained in the preceding section, some sites exemplified in Fig. 1 show some variation of amplification factors with motion levels. Of course, such variation may reflect not only the material non-linearity of soils but also other factors such as the difference of wave propagation mechanism including the effect of topographical irregularities. But, since the effects caused by the latter factors make their appearance regardless of motion levels, the variation found in Fig. 1 would be brought about principally by the former effect. In this paper, therefore, we focus our attention on the variation of amplification factors Identified Non-Linear Soil Amplification 157 due to the material non-linearity and derive the non-linear soil amplification by extending Eq. (1). As known from various dynamic soil tests in laboratories and fields (Hardin and Drnevich, 1973) , soil strain induced during earthquakes is the most important parameter controlling non-linear behavior of ground motions. In spite of such importance, there has been almost no observation of soil strain because of the technical difficulty, and it is thus impossible to introduce such parameter into the regression model of Eq. (1). On the other hand, it is shown from the wave theory having one-dimensional propagation that strain is proportional to its corresponding particle velocity (Kolsky, 1963) . Referring to the theory, we assume in this study that the variations of non-linear soil amplification are controlled mainly by the maximum particle velocity at the ground surface which is relatively easily obtained by numerical calculation from the observed surface accelerograms or by direct observation, and introduce it into Eq. (1) as a replacement of the strain. When introducing the maximum particle velocity at the ground surface into Eq. (1), it is necessary to treat it as a site-dependent variable because it varies remarkably depending on local site conditions. In this point, Eq. (1) already gives us a clue for such treatment, that is, the concept of the dummy variable is also applicable to the site-dependency of maximum particle velocity. This idea leads to building the following regression model by adding new terms, which include the dummy variables as well as the maximum particle velocity at the ground surface, into Eq. (1) 
Using Eqs. (3) to (5), we finally obtain the amplification factor of spectra at the i-th site AMPi(T), as follows, which is dependent on site as well as on the maximum velocity at a reference site:
where BB(T) corresponds to the Bi(T) for a reference site. Although the reference site stated above can be picked up arbitrarily from any of the observation sites, the most desirable is to select a site where there exists outcrop hard enough to constitute the seismic bed rock for the other sites, as described in Kamiyama and Yanagisawa (1986) . Under such selection of reference site, the variable v in Eq. (6) is interpreted equivalently as the maximum particle velocity on the seismic bed rock which is virtually underlain at each observation site as well as being associated with the outcrop rock of the reference site. Thus, Eq. (6) becomes equivalent physically to the amplification factors varying with the maximum particle velocity given on the virtual underlying seismic bed rock of each site, namely, it finally follows that we can obtain our target "non-linear soil amplification" through Eq. (6).
Strong-Motion Records for the Regression Analyses
In order to apply the models of Eqs. (3) and (4) to our regression analyses, we employed 228 horizontal strong-motion accelerograms obtained in Japan having maximum acceleration greater than 20 gal. The records are listed in Table 1 of Kamiyama and Yanagisawa (1986) , together with earthquake magnitude, focal depth, epicentral distance and maximum acceleration. As shown in the table, these redords were observed at the ground surface of 26 sites in all during 68 various types of earthquakes. The origins of the earthquakes are indicated in Fig. 2 together with the observation sites. The records are from earthquakes with the Japan Meteorological Agency magnitude MJ ranging from 4.1 to 7.9, the focal depth from 0 to 130 km and the epicentral distance from 10 to 310 km. Their histograms are shown, respectively, in Figs. 3, 4 , and 5, and the distribution of MJ is plotted in Fig. 6 together with the data of epicentral distance. Figures 3 to 6 indicate that there are few large earthquakes in a near distance in our data set.
We computed velocity response spectra with no damping from the strong-motion records described above and used them as V(T) in Eq. (3). The reason for using such velocity response spectra is that they are nearly equal to Fourier spectra besides being useful from an engineering point of view, as already explained in Kamiyama (1987) . On the other hand, the maximum particle velocity v employed as an independent variable in Eq. (3) was obtained numerically from the observed strong-motion accelerograms. The numerical estimation was based on the method by Iai et al. (1978) which obtains velocity record from observed accelerogram by performing a numerical integration with application of a high an low pass filters. An example of the numerically obtained velocity record is shown in Fig. 7 together with its original accelerogram. The maximum particle velocity was obtained as a maximum value of these numerical velocity records and was applied to Eqs. (3) and (4). The histogram for such maximum particle velocities is drawn in Fig. 8 .
Regression Analyses for the Maximum Particle Velocities and Velocity Response Spectra
Applying the models of Eqs. (3) and (4) to the maximum particle velocities and the velocity response spectra with no damping, respectively, we carried out the multiple regression analyses by the least squares technique. In the analyses, it is needed, as stated in the foregoing, to assign one site as the reference site so as to estimate the non-linear soil amplification with some physical implication. The Ofunato site labeled 12 in Fig.  2 was herein selected as the reference site for the same reason described in Kamiyama (1987) . According to the selection, it follows that the virtual seismic bed rock here is a deposit equivalent to Ofunato's outcrop rock whose shear wave velocity is supposed to be 1-2 km/s. Table 1 . Results of regression coefficient Ai' for each observation site obtained from the analysis of the maximum particle velocity. The results are given by 10Ai' so as to express amplification factor of the maximum particle velocity.
Analysis results for the maximum particle velocities
The application of Eq. (4) to the maximum particle velocities resulted in the following regression expression: (7) in which Ai' (i= 1-25) are given to each observation site except for the reference site Ofunato as shown in Table 1 . Also the multiple correlation coefficient and standard deviation for the expression of Eq. (7) were obtained, respectively, to be 0.78 and 0.20. Since the main purpose of this paper is not to investigate the empirical scaling manner of maximum particle velocity but to derive the variation of soil amplification in response to motion level, detailed examination of the results is beyond the scope of this study. Even with a cursory examination, however, Eq. (7) and Table 1 reveal some interesting aspects related to scaling of maximum velocity; for example, one can see in Table 1 that maximum velocity varies remarkably from site to site and has a possibility of being amplified 2-3 times depending on local site conditions for the same source and path conditions.
Analysis results for the response spectra with no damping
The regression coefficients analyzed according to Eq. (3) are given as a function of period. The obtained regression coefficients a(T), b(T), c(T), d(T), and e(T) are shown in Fig. 9 . Also the results of the regression coefficients Ai(T) and Bi(T) which differ from site to site are put into shape of a period function for 6 representative observation sites, as shown in Fig. 10 (a) and (b) . It is seen in Figs. 9 and 10 that the regression coefficients here depend strongly on period and such site-dependent coefficients as Ai(T) and Bi(T) vary considerably depending on local site conditions. Meanwhile, the multiple correlation coefficients and standard deviations obtained using 
. Results of the regression coefficients a(T), b(T), c(T), d(T), and e(T).
(a) Fig. 11 . Fig. 16 . Non-linear soil amplification at the Hososhima site. Symbols are the same as in Fig. 11 .
ignores the effects due to the non-linearity, presents a kind of averaged amplification factors against Eq. (3). On the other hand, the non-linear soil amplifications shown in Figs. 11 through 16 contain some statistical errors which are integrated by the standard errors of all the regression coefficients in Eq. (6). Since the integrated form of the statistical errors is complicated and also depends on period and site, a simple expression of the errors is not easy. We herein present one example of the statistical errors due primarily to the standard error of the regression coefficient Bi(T) which directly controls the non-linearity of soil amplification. Figure 18 shows an example of the error band of the non-linear amplification factors estimated at the Shiogama site by considering one standard error of the regression coefficient Bi(7). We can see in Fig. 10 that the larger maximum velocity gives the wider error band of amplification factors. But, the distinctive variation of amplification factors which will be described in the following section, for example, the phenomenon of the longer predominant period with the larger motion level, is clear even within the error bands. Therefore we discuss the correlations between the non-linear amplification factors and local soil conditions without considering the statistical errors in the following section.
Correlation between the Non-Linear Amplification Factors and the Local Soil Profiles
The soil profiles at each site of Figs. 11 to 18 are shown, respectively, in Figs. 19 to 24 in order to investigate how the non-linear soil amplification correlates with their local soil conditions. These soil profiles were obtained from the site data compiled by the Port and Harbour Research Institute, Ministry of Transport (Tsuchida, 1967 (Tsuchida, , 1970 (1) is given as a parameter peculiar to site whereas the ones by Eq. (3) vary according to the maximum particle velocity. The comparison is shown for the Shiogama site. Fig. 18 . An example of the error band of the non-linear soil amplification at the Shiogama site. The solid lines show the same as in Fig. 12 and the dotted lines mean the errors estimated by considering one standard error of the regression coefficient Bi(T).
1973). Referring to the standard penetration test results meeting the Japanese Industrial Standard, i.e., N values plotted in these figures, one can see that each site is rich in variety of softness of soils and has various soil formations. For example, the Shiogama site consists of extremely soft silty soils underlain by a hard rock, whereas rather stiff gravel layers overlying on a rock constitute the Miyako site. Both of the Shiogama and Miyako sites have rock layers at a comparatively shallow depth, particularly, the rock layer of the latter site is found at the shallowest depth among all the sites in Figs. 19 through 24. The Hososhima site also has several layers changing alternately from soft to hard overlying on a hard rock. Contrary to these three sites, the other sites Kushiro, Tomakomai, and Yamashita-hen have no rock deposits within the depths of boring log, and there seems to be a rock at a greater depth. Concerning the averaged softness of shallow layers less than a depth of about 15 m, the Kushiro and Tomakomai sites appear to have harder layers in comparison with Yamashita-hen. In the case of the Kushiro site, N values are not clear in the layers shallower than about 7 m, but the layers seem to be hard judging from the gravel dominant in them. The characteristic point to the Tomakomai site is that it is formed with a clear low-rigidity layer of sandy loam overlain by rather firm sandy gravel.
A close look at the non-linear soil amplifications in Figs. 11 through 16 and at the soil profiles in Figs. 19 through 24 reveals some interesting correlations between them. It may be summarized for each site as follows.
7.1 Kushiro site One can find less variation of soil amplifications between weak and strong motions for this site. The origin may be due to the firm sand and gravel layers deposited in the depths from 0 to 15 m. As will be mentioned also for the other sites such as Miyako and Tomakomai, it seems that a site principally containing firm sandy gravel in shallow layers less than 10-15 m deep shows slight variation of amplification factors owing to motion level. Accordingly, it would be emphasized that the non-linear effect of soil amplification is small for this kind of site. This is compatible with the fact that the Hartzell method was successfully applied to the Kushiro site (Kamiyama, 1988) . Apart from the above indication, the predominant period around 1.0 s distinguished in Fig.  11 would be impossible to explain only by the soil profile in Fig. 19 . This predominant period may be originated as a resonant period of a surface layer deposited continually from the soils in Fig. 19 overlying on a deep rock space which is hard enough to show a strong contrast against the upper surface layer. 
Shiogama site
It is clear in Fig. 12 is related to the inclusiveness of the overall effects and the latter stems from the statistical errors. In addition to these effects and errors, the results are considered to include also the effects due to the difference of wave types. As is well known, local soil layers respond differently to body waves and surface waves, and therefore the soil amplifications due to both types of waves are expected to differ from each other. Such different Fig. 25 . S-wave, density and Q value profiles of the Miyako and Hososhima sites.
amplifications may be included in the results. It is difficult to check exactly the validity of the results keeping all of these things in mind, and a simplified check is attempted here by theoretically obtaining the physical response of local soil layers with the aid of the so-called multiple reflection of S-wave where shear waves are assumed to propagate vertically through flat soil layers. The S-wave velocity profiles and other data for the Miyako and Hososhima sites were already given by Kamiyama and Yanagisawa (1986) after compiling various materials from existing literature, as shown in Fig. 25 . The S-wave velocities (VS) and Q values in this figure were inferred from the N values and do not necessarily mean the true values. We estimated, as an example, the frequency response function of the S-wave theory based on the soil data in Fig. 25 . Figure 26 (a) and (b) compare the theoretical frequency response function due to the soil models in Fig. 25 with the statistical non-linear soil amplification of the Miyako and Hososhima sites. Though the theoretical results were estimated within the linear theory, the comparisons present relatively reasonable agreement between the statistical and the theoretical amplifications as a whole. We can point out from the comparisons that the statistical non-linear soil amplifications obtained here are physically reasonable to some extent. Now that the physical validity has been confirmed in this way even though based on one particular theory, it would be relevant to say that the present statistical method is effective to derive non-linearity of response due to local soil layers and that the results of non-linear soil amplification presented in this study are informative enough to examine a possibility of non-linear response at a site for strong earthquake motions in the future.
Concluding Remarks
In this paper, an empirical method has been attempted to identify non-linear response of local soil layers using observed strong-motion spectra. The method was based on a regression model of strong-motion spectra in cooperation with the concept of the dummy variable and information on maximum particle velocity at the ground surface. The non-linear soil amplification by the method is presented as the variation of amplification factors with the level of maximum velocity at the ground surface. The non-linear soil amplifications obtained empirically here are quite specific to each observation site, in addition to being dependent remarkably on period. They are also greatly sensitive to the type of soil formations as well as the softness of soils. In particular, the non-linear characteristics of amplification factors are correlated well with N value distribution of soil profile. At a site where there exist soft soils of 10 m or more in thickness near the ground surface whose N values are distributed with a value less than 10 or 20, as one example, it is expected that the predominant periods of spectra increase and amplification factors in short-periods decrease together with increasing motion level. In contrast to such a soft soil layer site, a site having surface layers, especially, sandy gravel layers of 5 m or thicker with an N value greater than about 30 tends not to show clearly detectable non-linearity of soil amplification, and therefore a response analysis based on the linear theory is applicable to this kind of site. As stated above, the non-linear soil amplification found in the present paper has a close correlation with N value of soils. This suggests that we can obtain strain-dependent rigidity and damping of soil as a function of N value by combining the non-linear soil amplification with some physical response technique. Such an inverse analysis will be presented in a separate paper.
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